Air pollution control (APC) residues from waste incineration have been blended with silica and alumina and the mix melted using DC plasma arc technology. The chemical composition of the fully amorphous homogeneous glass formed has been determined. Waste acceptance criteria compliance leach testing demonstrates that the APC residue derived glass releases only trace levels of heavy metals (Pb (0.007 mg/kg) and Zn (0.02 mg/kg)) and Cl -(0.2 mg/kg). These are significantly below the limit values for disposal to inert landfill. It is concluded that plasma treatment of APC residues can produce an inert glass that may have potential to be used either in bulk civil engineering applications or in the production of higher value glass-ceramic products.
1.

Introduction
The incineration of municipal solid waste (MSW) is expected to increase as landfill disposal becomes more problematic. Modern energy from waste (EfW) plants control the release of atmospheric pollutants to below regulatory levels by removing flue gas pollutants using air pollution abatement systems. Pollutants are captured and contained in a fine granular waste known as air pollution control (APC) residues which are produced from dry and semi-dry scrubber systems. These involve the injection of an alkaline powder or slurry to remove acid gases, particulates and flue gas condensation/reaction products. Fabric filters in bag houses are used downstream from the scrubber systems to remove the fine particulates. APC residues also include the solid phase generated by wet scrubber systems (scrubber sludge) and the production could be minimised through this method. APC residues are regulated in the UK by the Environment Agency under the hazardous waste regulation act as hazardous waste, as they have an absolute entry in the European Waste Catalogue (19 01 07*). This is primarily because of high alkalinity (> pH 12) due to the use of excess lime, although they also contain volatile heavy metals, soluble chlorides and sulphate salts, and organic contaminants including dioxins and furans ((EC, 1999 Waste acceptance criteria (WAC) for hazardous and inert landfill sites came into force in the EU in July 2005, with the end of co-disposal, and set leaching limit values that must be achieved if a particular pretreated waste is to be acceptable for landfill disposal. These are very difficult for APC residues with current compositions to achieve, primarily because of high levels of soluble and therefore leachable chloride salts that primarily originate from polyvinyl chloride (PVC) found in MSW. of APC residues. Therefore the objective of this study was to investigate the viability of using DC plasma arc technology for the thermal treatment of APC residues and to characterise the glassy material produced in terms of composition and leaching behaviour.
2.
Materials and methods
APC residue characterisation
APC residues used in this work were from a major EfW plant in London UK, which processes approximately 420,000 tonnes of MSW per year. These are produced from cleaning the gaseous emissions generated during combustion of wastes at EfW plants. Typical composition data for this material obtained by aqua regia total metals/water soluble ions is shown in Table 1 (4). The physical properties and chemical compositions vary depending on waste composition, type of plant and the air pollution control system. The high CaO content is due to excess lime used in the scrubbing process, while the high levels of chloride originate primarily from the significant volumes of polyvinyl chloride (PVC) found in MSW.
Scanning electron microscopy (JEOL-JSM-840A) of the as-received APC residues is shown in Figure 1 . This shows agglomerated spherical particles with a mean particle size determined by laser diffraction particle size analysis of approximately 25 m (Malvern Instruments, Mastersizer). Crystalline phase analysis of as-received APC residues was carried out by X-ray diffraction (XRD, Philips PW1700 series) using Cu 
Batch composition
Silica and alumina were added because the as-received APC residues do not contain sufficient glass formers to produce a single-phase amorphous glass. 
Plasma furnace operation
The plasma system consists of a DC hollow graphite cathode installed through the roof of a furnace and supported by a vertical manipulator column. Argon is injected down to the centre of the cathode to produce a stable plasma arc that is transferred to the furnace melt. The anode consists of conductive elements built into the furnace hearth, and the process is capable of handling a wide range of ashes of varying particle size and A flow diagram of the prototype plasma treatment system used in this work is shown schematically in Figure 3 . After preheating for 2.5 hours, the feed was introduced into the furnace at a rate of approximately 50 kg/hour for 4.5 hours. Pig iron was added to the furnace to form a melt pool as a return electrode and initial reaction zone. The APC residues blended with silica and alumina were metered at a controlled rate to the furnace and the plasma power was modulated to maintain the specific energy input, and therefore temperature at around 1600 o C. A layer of untreated feed is maintained on top of the molten slag, where gasification reactions occur. The feed is rapidly melted and the molten slag phase is periodically tapped, where it is cast into APC residue derived glass. Exhaust gases exiting the unit were treated in a thermal oxidiser unit to fully oxidise residual combustible gas species (CO 2 , H 2 ). The particulates are removed in a bag house filter and acid gases are removed by the wet scrubber prior to venting to atmosphere.
Characterisation of the APC residue derived glass
XRD was used to determine the bulk phase analysis of the APC residue derived glass. The glass was crushed to powder and both the bulk and powder were thermally analysed (STA-780 thermal analyser). Scanning electron microscopy (JEOL-JSM-840A) combined with energy dispersive x-ray spectrometry (EDS) was used to analyse the chemical composition of the glass.
Leaching from APC residue derived glass was evaluated using the EU compliance leaching test for granular waste with a particle size less than 10 mm using a liquid to solid ratio (L/S) of 10 l kg -1 and water as the leachant (BS EN 12457-4). The APC residue derived glass was crushed to give the required particle size. Elemental analysis of the leachates was completed using inductively coupled plasma atomic emission spectroscopy (ICP-AES) and the Cl -in leachates was determined by AgNO 3 titration method standardised against the blank sample (AWWA, 2005).
Characterisation of secondary residues
In addition to characterising the plasma treated APC residues derived glass, phase analysis was also completed by XRD on the secondary residues collected in the bag house filter (secondary residues in Figure 3 ) (Philips PW 1700 X-ray diffractometer by varying the scan angle (2 ) between 5 and 60 o ).
Results
APC residue characterisation
XRD data for the as-received APC residues is shown in Figure 4 . The major Ca containing phases are Ca(OH) 2 , CaCO 3 and CaClOH. The major soluble salts identified were NaCl and KCl. Table 1 shows that approximately 16 wt% of the APC residues is present as chloride salts. These compounds are non-hazardous but are highly volatile at temperatures above 1200 o C as experienced during plasma treatment.
DTA data of the as-received APC residues is shown in Figure 5 . C is associated with a weight loss of 30% and is believed to be due to the melting and evaporation of soluble Na, K and Ca containing chloride salts. 
Plasma treatment
Characterisation of plasma treated APC residue derived glassy slag
Plasma treatment of APC residues blended with SiO 2 and Al 2 O 3 resulted in significant volume reduction of about 70-75%. The resulting glass is shown in Figure 7 .
XRD data given in Figure 8 shows a broad hump around 30 indicating that the APC derived glass is amorphous and that crystalline phases have not been formed. In a multicomponent system, the glass forming ability (GFA) depends on certain parameters such as T g , T x and T m which are correlated to the precursor composition.
The GFA can be calculated from the following equation (Saad and Poulain. 1987) .
The GFA obtained in the present study through DTA analysis was 44. Compliance leaching test results for the APC derived glass is given in Table 3 .
The concentrations of heavy metals in leachates were low, with Pb at 0.007 and Zn at 0.020 mg/kg. While the original APC residues typically leach 140,000 to 170,000 mg/kg Cl -the APC derived glass leached only 0.2 mg/kg. Table 3 includes the inert landfill WAC and demonstrated that plasma treated APC residues are suitable for disposal to inert waste landfill. Figure 11 shows XRD data of the secondary residues collected by the baghouse filter during plasma treatment of APC residues. This material contains crystalline phases of silica, calcium silicate, calcium aluminate and Fe 3 Si. Cl -containing phases were not detected in the secondary residues. This suggests that low density free flowing Ca containing APC residue particles present in the plasma furnace chamber are collected in the bag house filter due to the process of physical carryover.
Characterisation of the secondary residues
Discussion
DC plasma arc technology is an innovative thermal waste treatment technique, which is very effective for vitrification of APC residues. Rapid cooling and solidification of the APC residue melt results in a solidified product of amorphous glass consisting primarily of Ca, Si and Al compounds. The properties of the APC derived glass depend on the input composition and operation mode of the plasma rig. Asreceived APC residues will not form a glass without the addition of other glass forming additives and therefore SiO 2 (21.9 wt%) and Al 2 O 3 (8.3 wt%) were added to the plasma input feed in order to control the properties of the glass product.
The composition of APC residues with the glass forming additives and the composition of the glass product are shown in Table 4 . Heavy metals and soluble salts in the vitrified matrix were below the detection limit of EDS analysis. Therefore it is concluded that a significant amount of heavy metals (Pb, Zn, and Cd), soluble salts and The low emissions resulting during the plasma vitrification process indicate that the present technique can be used as an alternative to other waste treatment technologies.
The glass produced from the plasma vitrification process has the potential to be converted into glass-ceramics. The most appropriate methods for achieving glass ceramics is by either sintering or controlled cooling and therefore the crystallisation behaviour of the APC derived glass was studied by thermal analysis for both the powdered and bulk glass samples. The powdered glass exhibited distinct crystallisation peaks whereas the bulk glass showed only a shallow broad endothermic peak. This . The most frequent crystallisation mechanism, the one at the surface, has proved to be quite an effective method for enhancing the strength of glass (Barbieri et al., 2000b) . It is concluded that plasma treatment of APC residues produces a highly inert and stable glass which is suitable for disposal in inert landfill or use in bulk civil engineering applications. Alternatively, the glass has potential to be converted into a glass-ceramic for use in a range of higher grade applications.
Conclusions
DC plasma arc technology is an effective and versatile method for treating APC residues from waste incineration. This produces a stable, non-leachable and potentially recyclable glass product.
Heavy metals volatilise readily when APC residues are melted in the plasma furnace under reducing conditions. There is a significant reduction in the levels of heavy metals and soluble salts present in the APC derived glass. The high temperature and inert argon atmosphere present during plasma processing inhibits the generation of NO x , HCl and SO x . Organic contaminants including dioxins and furans are expected to be completely decomposed during the melting process.
Compliance leach tests show that leaching of heavy metals (Pb: 0.007 mg/kg and Zn: 0.02 mg/kg) and Cl -(0.2 mg/kg) are well below the limit WAC values for inert landfill disposal. 
Nd -not determined (2) NB -high SO 4 values may have been calculated from S determinations on digests (i.e, include other S forms) Intensity (a.u.) 2 (deg.) Fig. 11 . XRD data for the secondary residues generated during plasma treatment of APC residues.
